Recent catastrophic disease events have highlighted the need for improved disease prevention measures. Improved biosecurity and vaccination programs can aid in reducing animal population and economic losses. Performance of a prototype automated whole-house spray vaccination system was evaluated over 3 flocks in a commercial breeder pullet house. Birds were spray vaccinated for infectious bronchitis virus (IBV) and Newcastle disease virus (NDV) using the automated system in one house and with a typical backpack blower-based sprayer in another house for comparison. Results showed that the automated system improved both seroconversion and geometric mean titer (GMT) as compared to the backpack spray crew. Mean GMT for both IBV and NDV were more than doubled (2.4× and 8.6×, respectively); seroconversions were also significantly improved for IBV (69.4 vs. 39.8%) and NDV (69.6 vs. 17.6%). Adoption of an automated whole-house spray vaccination system may provide significantly improved protection for loose-housed poultry when compared to backpack sprayers while improving biosecurity through minimizing human-to-bird contact.
DESCRIPTION OF PROBLEM
In 2016, an estimated 8.8 billion broiler chickens were produced in the United States [1] and an estimated 376.6 million laying hens and 111.2 million pullets were in production 1 This article was prepared by a U.S. Government employee as part of official duties and cannot be copyrighted. Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the USDA. 2 Prototype system development was conducted under a USDA SBIR grant awarded to Long Branch Co. of West Point, MS. Drs. Purswell and Branton share a patent for the system with Long Branch Co. 3 Corresponding author: joseph.purswell@ars.usda.gov [2] . Given the scale of the U.S. poultry industry, catastrophic disease events have the potential to incur significant animal population and economic losses as evidenced by losses in excess of 50 million birds since 2014 [3] due to large-scale disease outbreaks.
Vaccination programs vary with production system and range from single application at the hatchery for broilers to multiple applications over the life of the flock for table egg layers and breeders [4] . Mechanized spray application in caged layer chickens has shown improvements in vaccination rates and uniformity [5] and is a commonly observed practice, but there exists no analogous method for spray vaccination of loose-housed poultry outside of a hatchery setting. Many vaccines are administered in ovo and also in spray cabinets at the hatchery immediately post-hatch [6] [7] [8] [9] . Secondary ("booster") vaccinations may be administered in the field in grow-out facilities in the event of disease outbreaks either via drinking water or spray application. Performance of drinking water routes of vaccination is well documented in the literature [7, 10] .
Spray application of secondary vaccinations has been widely adopted in the poultry industry due to reductions in labor that are required to administer vaccine via eye drop or drinking water [6] . Most studies focusing on spray application of vaccine are concerned with posthatch vaccination [4] , and relatively few address secondary spray vaccination in the field. Giambrone [11] found that coarse spray application of secondary Newcastle disease vaccinations to broilers resulted in the greatest resistance to disease challenge. Spray-applied vaccines are commonly applied to floor-reared poultry by multiperson crews which vaccinate the birds in these houses using modified backpack, leaf-blower machines; protection rates for this method range from 37.5 to 62.5% for infectious bronchitis virus (IBV) [12] .
Although spray application has reduced labor needs, challenges persist due to uneven dosing throughout the flock. Application uniformity is critical to avoiding "rolling" reactions and maintaining productivity in the flock. Current spray vaccination methods typically introduce the vaccine to the environment surrounding the bird [4] , rather than the bird itself, reducing its utility in providing protection against disease. In addition, spray volume available to each bird can influence vaccine success [4] with volumes of 14 to 21 mL/bird improving results in post-hatch vaccinations. Purswell et al. [13] characterized spray droplets from typical nozzle types used in poultry applications and found that coarse spray nozzles were most effective in vaccine delivery due to increased flow rate and coverage. An automated system that provides a more uniform application of vaccine can facilitate faster vaccination in the face of a rapidly spreading disease event, reduce labor, improve uniformity of protection, and reduce production losses and would greatly benefit commercial poultry operations.
MATERIALS AND METHODS
A commercial scale prototype vaccination system [14] was installed in a house on a commercial breeder pullet farm in Mississippi. Houses on the farm measured 12.2 × 122 m (40 × 400 ft) with 3 m (10 ft) sidewalls and were equipped with a 2 m (6 ft) side wall curtain for ventilation, nipple drinkers, and a chain feeder. Approximately 10,000 pullets were reared in each house. The vaccination system was comprised of a proprietary pump control unit, distribution manifold, and spray distribution lines and arranged in the house according to Figure 1 in a source tank on the pump control unit and was transmitted to interior spray lines through detachable umbilical hoses (Figure 2) .
Field trials were conducted to compare the performance of the automated whole-house spray vaccination system against a vaccination crew with backpack sprayers over 3 breeder pullet flocks in 2014 and 2015. Vaccine application was conducted between 6 and 7 wk of age, depending on season. Pullets were not vaccinated for Newcastle disease virus (NDV) or IBV at the hatchery prior to placement. Initial (priming) vaccination was performed with the prototype system using a commercial combination vaccine [15]; 12,000 doses (20% overage) were used for both the automated whole-house spray vaccination system and the backpack spray crew. Vaccines were otherwise mixed and applied according to the manufacturer's recommendations for spray administration. Vaccines used for both administration methods were sourced from the same lot for each flock.
Tap water was mixed with a vaccine stabilizer [16] at the manufacturer's recommended rate for spray application and allowed to mix for approximately 5 min. The vaccine was initially suspended by injecting distilled water into the vial and then mixed by manual agitation for 1 min or until the lyophilized pellet was dissolved. The vaccine suspension was then added to the stabilized water in the source tank and mixed for 5 min prior to spray administration. The source tank contained 3,22 l (85 gal) and resulted in 0.037 dose/mL and 32 mL/bird. Vaccine application was timed to initiate approximately 5 min after the start of the daily photoperiod to capture a large proportion of birds as they competed for drinker nipples. The spray cycle was intermittent according to a proprietary algorithm and was approximately 10 min in duration for the source tank and an additional 10 min for the purge tank. Birds vaccinated via backpack spray administration were typically vaccinated on the same day, or ±1 day depending on availability of the vaccination crew. The vaccination crew was comprised of 3 operators using blower-type backpack sprayers; as with the automated system, vaccine was applied shortly after the beginning of the daily photoperiod. Operators made multiple passes through the house and birds until all vaccine solution was expended.
At 5 to 6 wk post-vaccination, blood samples from 100 birds from each house (approximately 1% of the respective flocks) were obtained and submitted to a diagnostic laboratory [17] to ascertain titer data for NDV and IBV via ELISA [18] . Blood samples were collected from the cutanea ulnae (wing) vein as per the procedures outlined in Evans et al. [19] . Samples were considered positive when titers exceeded 1,000 per typical industry practice. All sample collection procedures were conducted according to approved animal care and use protocols.
Data were statistically analyzed using PROC MIXED in SAS. All proportion (percentage) data were subjected to arcsine transform prior to analysis. Differences were considered statistically significant at P ≤ 0.10.
RESULTS
Seroconversion and geometric mean titer (GMT) data for all trials are shown for IBV (Figures 3 and 4) and NDV (Figures 5 and 6) . Mean data for all trials is shown in Table 1 . The automated system improved both seroconversion and GMT for both IBV and NDV in all flocks and overall. Flock-to-flock variability in seroconversion was reduced using the automated system. Coefficients of variation (CV) across the 3 flocks for the automated system were 0.15 and 6.2% for IBV and NDV, respectively; CV for backpack spraying was 10.7 and 56% for IBV and NDV, respectively.
A commercial version of the prototype system was installed in a new commercial breeder pullet farm in August 2016 after the conclusion of test Flock 3. Two flocks were vaccinated for IBV and NDV using the commercial system in September 2016 and January 2017. Seroconversion followed similar patterns as the prototype system with the September 2016 flock having seroconversion rates of 43 and 64% for IBV and NDV, respectively. Seroconversion rates for the January 2017 flock were 100 and 97.5% for IBV and NDV, respectively. Both the prototype and commercial version of the automated whole-house spray vaccination system improved seroconversion rates and GMT in breeder pullets while using fewer personnel and minimizing human-to-bird contact during vaccine administration. Employing an automated whole-house spray vaccinator offers a means to improve biosecurity while allowing for rapid, accurate, and effective vaccine administration to loose-housed poultry.
CONCLUSIONS AND APPLICATIONS
1. The automated system improved GMT as compared to the backpack spray crew. Mean GMT for both IBV and NDV were more than doubled (2.4× and 8.6×, respectively) 2. Seroconversions were likewise improved for both IBV (69.4 vs. 39.8%) and NDV (69.6 vs. 17.6%). 3. Coefficients of variation for seroconversion rates were reduced for the automated system (0.15 and 6.2% for IBV and NDV, respectively) as compared to backpack spraying (10.7 and 56% for IBV and NDV, respectively). 4. Adoption of an automated whole-house spray vaccination system provides significantly improved protection for loosehoused poultry when compared to backpack sprayers while improving biosecurity through minimizing human-to-bird contact.
